We propose and experimentally demonstrate a robust mode converter based on liquid crystal-on-silicon (LCOS), which is not placed at the focal plane of the collimating lens. We present theoretical investigations to evaluate the performance of proposed configuration, and our experimental results verify the favorable function of mode-selective conversion with orthogonal linear polarizations, as well as two-mode multiplexing. The robust device configuration with an insertion loss of less than 3 dB, together with cascade capability, can be used for multidimensional fiber-optical transmission system. In particular, in terms of LP 11 mode conversion, the off-focus operation allows the range of position offset for input fiber with graded-index (GRIN) lens, LCOS, and few-mode fiber to be 7.5 mm, 151 m, and 40.4 mm, respectively, indicating easy alignment and maintenance.
Introduction
Growing Internet traffic has imposed strong demands on current fiber optical transmission. In order to enhance the data-carrying capacity of single mode fiber (SMF), researchers have explored multiplexing techniques in time, wavelength, and polarization comprehensively [1] - [3] . Recently, the prospect of capacity crunch in SMF has stimulated widespread interests in mode division multiplexing (MDM) using few-mode fiber (FMF), together with multi-input multi-output (MIMO) signal processing technique [4] - [8] . Compared with the traditional multi-mode fiber (MMF), FMF has advantages of better mode selectivity and easier management. Therefore, it is expected that N spatial modes in the FMF can achieve a capacity N times higher than that of the SMF. Mode selective conversion and mode multiplexing are key techniques for MDM implementation. Generally, the scheme of mode selective conversion can be divided into two types: waveguide-based devices and free-space optical devices. The former ones include long period fiber Bragg grating [9] , the asymmetric mode coupler [10] , the PLC-based coupler [11] , photonic lanterns [12] , and the directional coupler [13] , while the latter ones have several configurations of 2-D vertical grating couplers [14] , the spatial phase plate [15] , [16] , spot-based mode couplers [17] , and LCOS based mode conversion [5] , [18] , [19] . Waveguide-based mode converters generally have low insertion loss (IL), especially under the condition of cascade connection. However, the range of operation wavelength and the mode extinction ratio (MER) are poor. LCOS based mode converter has a wide range of operation wavelength. The LCOSbased mode converters has the potential to obtain high MER of more than 40 dB with a perfect design of phase mask [18] . Although the LCOS is polarization sensitive device, the new configuration of the LCOS-based mode converter is proposed to support commonly used polarization division multiplexing (PDM) signal [5] . However, the alignment and maintenance are time-consumable. Normally, the LCOS needs to be precisely placed on the focal plane of the lens. The light at the rear focal plane of the focusing lens has the Fourier transform of the light at the front focal plane. Therefore, under the condition of on-focus operation, the phase mask loaded onto LCOS can take the form of the Fourier transform of the phase pattern of the expected mode [15] . Yet, relatively small misalignment can lead to large IL and severe performance degradation of mode selective conversion.
In this paper, in order to improve the performance of mode selective conversion and reduce the alignment workload, we propose and demonstrate a robust LCOS-based mode converter with off-focus operation. With the help of Faraday rotator (FR) and half-wave plate (HWP) after the polarization beam splitter (PBS), it is possible to independently convert LP 01 modes with orthogonal linear polarizations to high order mode. After mode selective conversion, two-mode multiplexing can be achieved without damaging the PDM signal. Due to the use of additional free-space optical components, the LCOS can no longer be placed at the focal plane of the lens. Thus, we carry out theoretical investigations of spatial optical field conversion under the condition of off-focus operation, and experimentally achieve two-mode multiplexing with orthogonal linear polarizations. Our proposed mode converter has large tolerance of position offset. For example, theoretical range of position offset of input fiber with graded-index (GRIN) lens, FMF and LCOS can be 18 mm, 175 m, and 50 mm, respectively. While experimental characterization of them is 17.5 mm, 151 m, and 40.4 mm, respectively. Therefore, the robust mode converter configuration with a loss of less than 3 dB, together with cascade capability, can be realized.
Device Configuration and Operation Principle
The proposed mode converter including two parts is schematically shown in Fig. 1(a) . The first part is to realize mode selective conversion with arbitrary orientations, while the second part is to multiplex LP 01 mode and high order modes with orthogonal linear polarizations. As for the first part, we are able to convert fundamental mode field using a phase mask displayed on LCOS in combination with several free-space optical components. The light at the output of the polarization maintaining fiber (PMF) is firstly collimated by GRIN lens and a set of spherical lenses. Then, a PBS with polarization extinction ratio of 30 dB is used to split input light into two orthogonal polarizations, in order to realize mode conversion for each polarization, respectively. Then, two separated orthogonal polarized lights launch on the same LCOS but at different regions. The reflecting LCOS used here has 512 Â 512 pixels of pitch 15 m with zero-order diffraction efficiency of 85%, and it can perform phase-only modulation on condition that the incident light is linearly polarized at the horizontal plane parallel to the LCOS surface. Next, in order to combine two orthogonal polarized lights after mode conversion through another port of PBS, a FR whose single-way rotation angle is 45 at 1550 nm is utilized. In particular, two HWPs are helpful to adjust polarization for the purpose of successful LCOS-induced phase modulation. Finally, the fundamental mode light (beam 2) collimated similarly can be multiplexed with the mode-converted light (beam 1) through a beam splitter (BS). A focusing lens system is used to couple the light into the self-fabricated FMF. Finally, two-mode multiplexing of LP 01 mode and one high order mode with arbitrary orientation can be realized by simply modifying the phase mask displayed on the LCOS. The advantage of our LCOS-based configuration is its off-focus property where the LCOS and FMF facet are not set on the focus of the lens. Good mode conversion can be achieved through the proposed configuration even with some misalignment of components. This makes it possible to utilize more necessary components and easy for alignment and maintenance. Moreover, the configuration supporting PDM can realize the multiplexing of LP 01 mode with any high order mode, not only LP 11 mode. The only necessary operation is to change the phase pattern loaded on LCOS. Moreover, the device can also work with different kinds of FMFs through slight position adjusting of lens f 5 . Other advantages of such configuration are flexibility and scalability. For the ease of discussion, we are going to investigate the mode conversion according to the equivalent light path of horizontal linear polarization, as shown in Fig. 2 , after considering the reflection operation of LCOS.
The optical field out of the GRIN lens can be approximated by the Gaussian beam, where is the operation wavelength, w s is the radius of the beam waist collimated by GRIN lens, q 0 ¼ Ài=ðw 2 s Þ is the q parameter of beam waist. The function of free-space lens before LCOS can be described with ray transfer matrix (RTM) whose parameters are A, B, C, and D, as
Here, d f 1f 2 is the distance between the two collimating lenses, d GRIN is the distance between the surface of GRIN lens and the output beam waist. The optical field pattern on the surface of LCOS is described as
The collimated beam waist and electric field, respectively, have the following form:
where k is wave number in vacuum, l 0 is the distance between the surface of LCOS and the collimated beam waist, w ðl 0 Þ is the beam size at the LCOS, ð; Þ is the Cartesian coordinates at the surface of LCOS, ðl 0 Þ and Rðl 0 Þ are the parameter of Gaussian beam shown as
In our configuration, the LCOS is off the focal plane of the collimating lenses, while the collected FMF is far enough to deal with the light field according to the Rayleigh-Sommerfeld diffraction theory, which is different from [14] . The electrical field reflected by LCOS is shown as
where z is the distance between the CCD plane and LCOS, ðx ; y Þ are the Cartesian coordinates at the surface of the focusing lens, and t ð; Þ is the complex amplitude transmittance function of LCOS directly correlative with its phase mask. A different phase mask can be used for different mode conversion. Therefore, (7) is a general theoretical equation which can be used to calculate the optical field pattern after mode conversion by LCOS. Utilizing the Rayleigh-Sommerfeld diffraction theory, we are able to obtain the optical field when the light propagates to the input of FMF, and name it as E ðX ; Y Þ. The calculation process is similar to (7) by substituting t ð; Þ with the transmission function of the focusing lenses. Before coupling the light into FMF, it is necessary to theoretically evaluate the excited mode in the FMF. Thus, the excitation efficiency of individual mode can be calculated using [14] l;m ¼
where l;m ðX ; Y Þ is the ideal mode pattern of LP lm mode, which is determined by the parameters of FMF. And Ã represents complex conjugate. Equation (8) is very useful to evaluate the IL and MER of the proposed device after mode select conversion by the LCOS.
Simulation and Experimental Results

Simulation Results
Considering the footprint of practical device and the use of additional free-space optical components, we set the LCOS 115 mm away from the collimating lens while the optical distance between the focusing lens and LCOS is 390 mm. Consequently, as shown in Fig. 2 , L 2 is 115 mm, and L 3 is 390 mm. Based on the light spot size of input optical field and LCOS, the parameters of collimating lens can be determined first. The two collimating lenses f 1 and f 2 have a focal length of 12 mm and 50 mm, respectively. Meanwhile, in order to reduce fiber coupling loss, beam waist match condition must be satisfied, requiring the focal length of focusing lenses f 5 and f 6 be 50 mm and 20 mm, respectively. Next, since the FMF facet is at the focused beam waist plane, L 4 is 25.7 mm. For the sake of accuracy, numerical simulation can verify the performance of the proposed configuration without any simplification. The phase mask loaded into LCOS is configured as a form of the phase distribution of LP 11 mode or LP 21 mode, as shown in Fig. 3(a) and (c) , respectively. The phase difference between black and white parts is . Fig. 3(b) and (d) shows the calculated patterns of LP 11 and LP 21 modes in front of the FMF facet, based on (6) . Compared to the standard mode field pattern, the mode patterns agree with the standard ones, except for some stripes along the direction of phase saltation of phase mask. This is induced by higher order diffraction, which can be mitigated by modifying the pattern of phase mask to be loaded on LCOS [17] or by adding the operation of amplitude modulation [18] .
We design and fabricate the FMF with step-index refractive index profile, which can support four-mode (LP 01 , LP 11 , LP 21 , and LP 02 ) transmission [20] . These fiber parameters determine the mode field pattern of the FMF, thus we can obtain l;m ðX ; Y Þ in (8) . Then, it is easy to calculate the excitation efficiency of individual mode supported by the fabricated FMF using (8) . When the phase mask takes the form of Fig. 3(a) , the calculated excitation efficiency of LP 11 mode is 89%, and that of other modes is lower than 0.026%. We can conclude that 89% of the LP 11 power after mode-conversion by LCOS can be coupled to the expected mode in the FMF, while 11% of LP 11 power is wasted. In particular, only less than 0.026% of the LP 11 power excites unwanted modes (LP 01 , LP 02 , and LP 21 ) and consequently can be treated as mode crosstalk in the FMF. Those results indicate the low mode crosstalk of the proposed configuration. Next, we investigate the position offset of L 1 , L 2 , and L 4 , by taking the IL of LP 11 mode into account. Based on the (8), the range of L 1 , L 2 , and L 4 can be summarized in Fig. 4(a) , indicating that when L 1 varies from 0 mm to 50 mm, the IL of LP 11 mode is lower than 3.08 dB. On condition that the IL should be lower than 3.0 dB, the tolerable L 1 is from 8 mm to 26 mm, indicating easy alignment and maintenance of the device. Fig. 4(b) shows the impact of L 2 fluctuation on the IL of LP 11 mode. When L 2 varies from 60 mm to 160 mm, and the IL maintains lower than 3.2 dB. Under the requirement of IL smaller than 3.0 dB, L 2 can range from 87 mm to 137 mm. Therefore, it is convenient to use more optical components and adjust LCOS position. Fig. 4(c) shows the IL induced by the misalignment of FMF. For the collecting FMF, L 4 can be chosen from 27.153 mm to 27.328 mm to achieve the low IL of less than 3.0 dB, thereby providing 175 m of alignment tolerance for the collected FMF. In order to minimize the device size, L 1 , L 2 , and L 4 are set 18 mm, 90 mm, and 27.2 mm, respectively. Consequently the overall IL of LP 11 mode is 2.4 dB. Moreover, further numerical calculations show that the configuration can be used to realize mode conversion of LP 21 mode with slight adjustment of the components.
Experimental Results
To further evaluate the proposed device performance, we launch a laser at the wavelength of 1550 nm from a tunable laser source and configure the LCOS with a binary phase mask. After the PMF is properly set, two orthogonal polarizations can be separated by PBS. Then, we capture the converted optical field pattern before the focusing lens by CCD and verify the mode conversion with two orthogonal linear polarizations, as shown in Fig. 5 . It is clearly observed that the fundamental mode with orthogonal linear polarizations can be converted into corresponding high order mode successfully, without losing the capability of PDM. Fig. 5(g) shows the captured LP 11 mode pattern out of a 2-m FMF, which has good mode purity. Meanwhile, the captured mode pattern after two-mode multiplexing also verifies that the proposed device can realize two-mode multiplexing with favorable performance, as shown in Fig. 5(h) .
Next, when we change the distance between the input PMF with GRIN lens and the collimating lens within the calculated range of L 1 , the converted mode pattern nearly remains the same. However, the converted mode pattern is severely distorted, when the distance is far away from the range. Fig. 6 shows the mode conversion results when L 1 is larger than 90 mm, where the light spot is so large as to fulfill the LCOS's effective region. The converted mode patterns differ from the expected ones, due to the co-existence of diffraction and reflection. Only the optical field near the phase saltation can contribute to the mode conversion effectively, because the Fresnel diffraction approximation is only valid when the phase saltation region is far smaller than the distance between the observation plane and the saltation region. The proper diameter of optical field size is experimentally found to be less than 2.5 mm, which allows L 1 to range within the calculated region. Therefore, compared with the on-focus operation, the proposed configuration can endure relatively large offset of focal depth, indicating of easy installation and maintenance. During experimental implementation, it is impossible to characterize the optimum parameters of L 1 , L 2 , and L 4 . However, we can measure the IL of LP 11 mode with respect to the position variation of L 1 , L 2 , and L 4 , respectively. The results are summarized in Fig. 7 . The measured position offset range of input PMF with GRIN lens, FMF and LCOS is 17.5 mm, 151 m and 40.4 mm, respectively. Those experimental results are little worse than the theoretical calculations, mainly due to the phase modulation dependent loss of the LCOS [21] . 
Conclusion
An improved robust low-loss mode converter, compatible with PDM technique, has been proposed and demonstrated under the off-focus operation. We have presented theoretical investigations in order to evaluate the performance of the proposed configuration, while the experimental results verify the favorable function of mode conversion with orthogonal linear polarizations. Compared with the existing configurations based on LCOS, our proposed configuration can tolerate large position offset. The theoretical range of position offset of input fiber with GRIN lens and FMF facet can be 18 mm and 175 m, respectively, whereas, the characterization results are 17.5 mm and 151 m, respectively. In particular, the position of LCOS is experimentally found to be located within range of 40.4 mm, when the IL is less than 3 dB. Therefore, the robust mode converter configuration with cascade capability can be used for future multidimension fiber optical transmission.
